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ABSTRACT

Genomic integration techniques offer opportunities
for generation of engineered microorganisms with
improved or even entirely new functions but are cur-
rently limited by inability for efficient insertion of long
genetic payloads due to multiplexing. Herein, using
Shewanella oneidensis MR-1 as a model, we devel-
oped an optimized CRISPR-associated transposase
from cyanobacteria Scytonema hofmanni (ShCAST
system), which enables programmable, RNA-guided
transposition of ultra-long DNA sequences (30 kb)
onto bacterial chromosomes at ∼100% efficiency in
a single orientation. In this system, a crRNA (CRISPR
RNA) was used to target multicopy loci like insertion-
sequence elements or combining I-SceI endonu-
clease, thereby allowing efficient single-step multi-
plexed or iterative DNA insertions. The engineered
strain exhibited drastically improved substrate diver-
sity and extracellular electron transfer ability, verify-
ing the success of this system. Our work greatly ex-
pands the application range and flexibility of genetic
engineering techniques and may be readily extended
to other bacteria for better controlling various micro-
bial processes.

INTRODUCTION

Genetic engineering techniques have greatly advanced our
understanding and manipulation of living organisms. Es-
pecially, the recent development of in vitro recombination
and gene editing techniques allow us to customize a liv-
ing organism’s genetic sequence (1,2), thereby endowing
it with entirely new physiology and functions. To realize
the expression of foreign genes in host microbes, plasmid-
based system or chromosomal integration strategy is com-

monly employed (3,4). Plasmids can be conveniently used
for metabolic engineering of cells and expression of re-
combinant proteins. However, antibiotics have to be added
in such processes in order to prevent plasmid loss, which
not only cause secondary environmental pollution but also
complicate the final product separation (5,6). Furthermore,
this technique may lead to microbial metabolic unbalance
and suffer from plasmid instability, making it difficult for
expressing natural metabolic gene cluster up to tens of kilo-
bases (kb) (7). These drawbacks of conventional plasmid-
based system have motivated the search for antibiotic-free
genetic engineering techniques (8). One possible strategy is
to raise the importance of plasmids to host microbes by
means such as expressing anti-toxin genes for detoxifica-
tion of toxins from a toxin–antitoxin operon (9) or the ori-
gin of replication-encoded plasmid replication inhibitor in
growing cells (10), so that plasmid can be introduced with-
out dosing antibiotics (11). However, this approach is still
time-consuming, labor-intensive, and is challenged by cell-
to-cell variation and inability for expression of long natural
metabolic genes (12,13).

Compared with gene expression from plasmids, chromo-
somal integration allows more efficient genomic insertion
of the metabolic genes and pathways due to its high stabil-
ity in gene expression and minimized cell-to-cell variation
(4,13). Multiple genomic integration approaches have been
developed to date (4). By adopting these genomic integra-
tion methods, the pace to obtain excellent traits of impor-
tant functional microbes can be accelerated. For example,
recombinase-assisted genome engineering enables the inte-
gration of alginate metabolic pathway into the genome of
Escherichia coli, thereby realizing the integration of long
DNA constructs (14). In addition, serine recombinase-
mediated site-specific integration has been adopted to suc-
cessfully integrate natural product synthesis genes (up to
10–100 kb) into the genome of actinomycetes (15,16). Nev-
ertheless, these methods for long DNA constructs inte-
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gration still involve complicated operations and have been
mainly used for model microbes (4,14,17). Effective and
convenient approaches for integration of ultra-long DNA
constructs into the microbial genome are still on urgent de-
mand.

The recent advances of clustered regularly interspaced
short palindromic repeats (CRISPR)-based technologies
(1,18) are bringing new dawn to solve this problem. In par-
ticular, the combination of CRISPR technology and ho-
mologous recombination allows for efficient gene deletion,
integration and single nucleotide modification (19). How-
ever, this technology can only be utilized for integration of
a limited cargo size of about 10 kb (20,21). A transposon-
encoded CRISPR-Cas system (INTEGRATE), consisting
of DNA-targeting complex Cascade and the transposition
protein TniQ, was designed to achieve RNA-mediated in-
sertion of donor DNA with variable lengths at a fixed
distance downstream of target DNA sequences (22). Al-
though a marker-free and highly accurate DNA integration
of about 10 kb at ∼100% efficiency can be achieved by the
optimized single-plasmid INTEGRATE system (23), it is
difficult for genomic integration of oversized DNA cassettes
due to the huge size of such a system. Recently, another
CRISPR-associated transposase from cyanobacteria Scy-
tonema hofmanni (ShCAST) has emerged and exhibit effi-
ciently for DNA insertion in E. coli (24). ShCAST consists
of the type V-K CRISPR effector (Cas12k) and Tn7-like
transposase subunits (TnsB, TnsC and TniQ) and catalyzes
the RNA-guided DNA transposition by insertion of DNA
60 to 66 bp downstream of the protospacer adjacent motif
(PAM) sequences (24,25). This system contains two plas-
mids (pHelper and pDonor) and directs targeted DNA in-
tegration with a lower fidelity than the INTEGRATE sys-
tem. Although the feasibility and reliability of this system
were only verified in restricted species, the ultrasmall-sized
pDonor provides a huge space for ShCAST system to inte-
grate oversized DNA cassettes over 10 kb in microbes (24).

Therefore, this work aims to develop an optimized
ShCAST system for high-efficient integration of ultra-long
DNA sequences onto bacterial chromosomes in a single ori-
entation by using Shewanella oneidensis MR-1 as a model.
To enable site-specific integration of kilobase-sized DNA
sequences in Shewanella species and other microbes, we first
developed an optimized ShCAST system for highly efficient
large-scale gene insertion in S. oneidensis MR-1. Next, the
feasibility of single-step multiplexed or iterative DNA inte-
gration into the same cells and the potential for integrating
up to 30 kilobases in bacteria using the optimized ShCAST
system was explored. Lastly, we examined whether this sys-
tem could function as an effective genetic tool to success-
fully break the two important bottlenecks in S. oneidensis
MR-1 for practical applications.

MATERIALS AND METHODS

Plasmid construction

The J23119 promoter-driving crRNA cassette, lac
promoter-driving tnsB-tnsC-tniQ-Cas12k-tracrRNA
expression cassette, the I-SceI recognition site and the
I-SceI Endonuclease expression cassette were synthesized
by General Biosystems Co., China. These expression

cassettes were assembled into the pYYDT plasmid (26) to
form the pHelper. The original pDonor plasmid (contains
chloramphenicol resistance gene flanked by the transpo-
son left end and right end) was synthesized by General
Biosystems Co., China according to the sequences reported
(24). The glucokinase (glk; ZMO0369), fructokinase (frk;
ZMO1719), glucose facilitator (glf; ZMO0366) genes and
30 kb DNA fragment were amplified from the Zymomonas
mobilis ZM4. The sucrose metabolism gene clusters (cscY-
cscB-cscA), the flavin synthesis gene clusters, the violacein
synthesis gene clusters, extracellular amylase-encoding
gene (amyE), and 20 kb DNA fragment were amplified
from Pseudomonas protegens Pf-5, Bacillus subtilis strain
168, Lactococcus lactis subsp. cremoris NZ9000, Chro-
mobacterium violaceum ATCC 12742 and Pseudomonas
aeruginosa PAO1, respectively. These DNA fragments
were integrated into pDonor plasmid via Gibson assembly
method (27). The plasmids used in this work are listed in
Supplementary Table S2. The complete sequence of the
optimized ShCAST system is provided in the supporting
information.

General transposition assays

Plasmids pHelper and pDonor could be co-transformed
into S. oneidensis MR-1 by conjugation. In brief, E. coli
WM3064 containing pHelper or pDonor was cultured in
LB medium supplemented with 50 �g/ml diaminopimelic
acid and appropriate antibiotics at 37◦C. The wild-type and
engineered strains of S. oneidensis MR-1 were cultured in
LB medium at 30◦C. After overnight incubation, the pure
cultures of E. coli and S. oneidensis were mixed in equal pro-
portion. The cells (500 �l mixture) were then pelleted by
centrifugation, re-suspended with 100 �l LB and dropped
on the LB agar plates containing 50 �g/ml diaminopimelic
acid. After 12-h cultivation at 30◦C, the formed bacterial
plaque was scraped, re-suspended with 1 ml LB and spread
on LB plates supplemented with appropriate antibiotics.
When required, 50 �g/ml kanamycin, 10 �g/ml chloram-
phenicol or 15 �g/ml gentamycin was added into the LB
plates. All plates were placed 24 h in a 30 ◦C incubator to
allow transposition to take place. The transposon events
could be readily identified by PCR (Supplementary Table
S3) and Sanger sequencing.

Single-step multiplexed or iterative DNA integration assays
in the same cells

Single-step multiplexed DNA integration in MR-1 was con-
ducted through constructing the pHelper with two crRNAs
targeting sites S3 and S7 or a crRNA targeting ISSod10.
The goal strains were obtained according to the general
transposition assays described above. For iterative DNA
integration in S. oneidensis MR-1, chloramphenicol resis-
tance gene was initially inserted into site S3, the posi-
tive clones were cultured overnight in LB medium supple-
mented with 10 mM arabinose (I-SceI counter-selection)
and the resulting plasmid-free strain was annonated as MR-
1/Cm. Next, both pHelper with a crRNA targeting S7 and
pDonor with gentamycin resistance cargo gene were intro-
duced into MR-1 and MR-1/Cm to generate MR-1/Gm
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Table 1. Strains used in this work

Strains Relevant genotype or phenotype
Source or
reference

MR-1 Wild-type Lab stock
MR-1/S1 Insertion of chloramphenicol resistance gene at SO 0261 in S. oneidensis MR-1 This work
MR-1/S2 Insertion of chloramphenicol resistance gene at SO 0314 in S. oneidensis MR-1 This work
MR-1/S3 Insertion of chloramphenicol resistance gene at SO 0986 in S. oneidensis MR-1 This work
MR-1/S4 Insertion of chloramphenicol resistance gene at SO 1396 in S. oneidensis MR-1 This work
MR-1/S5 Insertion of chloramphenicol resistance gene at SO 1779 in S. oneidensis MR-1 This work
MR-1/S6 Insertion of chloramphenicol resistance gene at SO 2727 in S. oneidensis MR-1 This work
MR-1/S7 Insertion of chloramphenicol resistance gene at SO 2917 in S. oneidensis MR-1 This work
MR-1/S8 Insertion of chloramphenicol resistance gene at SO 3715 in S. oneidensis MR-1 This work
MR-1/S9 Insertion of chloramphenicol resistance gene at SO 3980 in S. oneidensis MR-1 This work
MR-1/S10 Insertion of chloramphenicol resistance gene at SO 4591 in S. oneidensis MR-1 This work
MR-1/11.4 kb Insertion of violacein synthesis gene cluster (11.4 kb) cloned from Chromobacterium

violaceum ATCC 12472 at SO 0986 in S. oneidensis MR-1
This work

MR-1/S3-22.6 kb Insertion of 22.6 kb gene fragment cloned from Pseudomonas aeruginosa PAO1 at SO 0986
in S. oneidensis MR-1

This work

MR-1/S3-31.7 kb Insertion of 31.7 kb gene fragment cloned from Zymomonas mobilis ZM4 at SO 0986 in
S. oneidensis MR-1

This work

MR-1/IS Insertion of chloramphenicol resistance gene at four IS repeats in S. oneidensis MR-1 This work
MR-1/Sucrose Insertion of glf, glk, frk and csc gene cluster at SO 2917 in S. oneidensis MR-1 This work
MR-1/Starch Insertion of glf, glk, frk and aymE at SO 2917 in S. oneidensis MR-1 This work
MR-1/Sucrose-Rib Insertion of flavin synthesis gene cluster at SO 0986 in MR-1/Sucrose This work
MR-1/Starch-Rib Insertion of flavin synthesis gene cluster at SO 0986 in MR-1/Starch This work
E. coliWM3064 thrB1004 pro thi rpsL hsdS lacZ�M15 RP4-1360�(araBAD)567�dapA1341::[erm pir(wt)] Lab stock

and MR-1/Cm-Gm, respectively. The growth of the MR-1,
MR-1/Cm, MR-1/Gm and MR-1/Cm-Gm in LB medium
supplemented with or without 10 �g/ml chloramphenicol
and 15 �g/ml gentamycin was monitored by measuring
the optical density at 600 nm (OD600) using a BioTek mi-
croplate reader (Synergy HT, BioTek Ins., U.S.A.).

Carbon source utilization assays, flavins determination, and
flow cytometric analysis

S. oneidensis MR-1 and MR-1/Sucrose were cultured in LB
medium for 12 h, and then transferred at a ratio of 1:100
into 96-well plate containing 200 �l mineral salt medium
(28) with lactate, glucose, fructose, or sucrose as the sole
carbon source (20 mM). The growth curves of S. oneiden-
sis MR-1 and MR-1/Sucrose were obtained by measuring
the OD600 using a BioTek microplate reader (Synergy HT,
BioTek Ins., U.S.A.). The growth of S. oneidensis MR-1
and MR-1/Starch in mineral salt medium containing 20 g/l
starch was estimated by CFU counting. The production of
�-amylase in S. oneidensis MR-1 and MR-1/starch was fur-
ther assessed by visualization of starch degradation halos
on 2% starch-containing LB plates after staining with io-
dine solution (29).

The flavin synthesis in S. oneidensis MR-1, MR-
1/sucrose-Rib and MR-1/starch-Rib was determined
as follows: all the strains were cultured overnight
in LB medium with 10 mM IPTG (Isopropyl �-D-
Thiogalactopyranoside) at 30◦C. The culture supernatant
was collected by centrifugation at 12 000 g for 2 min and
its fluorescence intensity was recorded by fluorescence
spectroscopy with an excitation wavelength of 440 nm and
an emission wavelength of 525 nm.

The fluorescence intensity of GFP in S. oneidensis MR-1
was measured by a Flow Cytometer (CytExpert, Beckman
Coulter Inc., U.S.A.), and the collected data were analyzed
by CytExpert 2.0 software (Beckman Coulter Inc., U.S.A.).

Electrochemical tests

A MFC system was used to detect the EET abilities of She-
wanella (Table 1). The two chambers, each with a work-
ing volume of 150 ml, were separated by a cation exchange
membrane. The treated carbon felt was used as the anode
and cathode materials (the anode was 1 × 1 cm, and the
cathode was 2 × 2 cm). The two electrodes were connected
by a 1 k� resistance wire. The cathodic electrolyte was com-
posed of solution of 50 mM potassium ferricyanide in 50
mM phosphate buffer solution. The mineral medium with
20 mM lactate, glucose, frutose, sucrose or 20 g/l starch as
the sole electron donor was used as the anodic electrolyte.
High-purity nitrogen gas was flushed into the anode and
cathode chambers to keep the anaerobic atmosphere.

S. oneidensis MR-1 and the engineered strains were cul-
tured in LB medium for 16 h at 30 ◦C. The centrifuged
cell pellets were washed twice with 10 ml PBS (phosphate
buffered saline, pH 7.3–7.5) and re-suspended with 2 ml
mineral salt medium (without carbon source). The bacte-
rial suspension (50 ml) was subsequently added into the an-
ode chamber at an initial optical density (OD600) of 0.3. The
voltage output of the MFCs inoculated with Shewanella
strains was recorded every 10 min using a data acquisition
system (USB2801, ATD Co., China). Linear sweep voltam-
metry (LSV), CV, and EIS analysis were conducted as de-
scribed previously (26).

The three-electrode MECs (carbon felt as anode material
with a specific surface area of 8 cm2) were also adopted to
evlaute the EET ability of Shewanella by applying a con-
stant potential of 0.2 V (26). An electrochemical worksta-
tion (CHI1030B, Chenhua Instrument Co., China) served
as the potentiostat. S. oneidensis MR-1 and the engineered
strains were cultured in mineral medium with different
carbon sources under aerobic conditions until an OD600
reached 0.5. Subsequently, the cultures were directly trans-
ferred into MECs.
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Figure 1. RNA-guided DNA integration by ShCAST system. (A) Model for RNA-guided DNA transposition by ShCAST system. (B) A two-plasmid
ShCAST system encodes protein-RNA components on pHelper and the cargo gene flanked by the transposon left end (LE) and right end (RE) on pDonor.
(C) Schematic of experiment to test for genome insertions in MR-1. Plasmids pHelper and pDonor could be co-transformed into S. oneidensis MR-1 by
conjugation. The transposon events could be readily identified by PCR and Sanger sequencing. A I-SceI recognition site and the I-SceI Endonuclease
expression cassette under the control of the arabinose-inducible araBAD promoter were integrated into the pHelper to cure the plasmids after editing.
PAM: protospacer adjacent motif sequences; L: the transposon left end; R: the transposon right end.

RESULTS

Optimization of ShCAST system for high-efficiency, RNA-
guided DNA integration

ShCAST system relies on the cooperation of dual plas-
mids (pHelper and pDonor) to precisely insert cargo
gene into the host cells. The pHelper contains J23119
promoter-driving crRNA (CRISPR RNAs) cassette and
lac promoter-driving tnsB-tnsC-tniQ-Cas12k-tracrRNA
(trans-activating crRNA) expression cassette. The R6K
replicon-based pDonor contains a genetic cargo flanked by
the transposon left end (LE) and right end (RE) (24). Cryo-
genic electron microscopic studies reveal that TnsC poly-
merization and TniQ interacting with TnsC define down-
stream transposition insertion polarity and the target-site,
respectively (30). After cotransformation of pHelper and
pDonor into S. oneidensis MR-1, the ShCAST complex
made up of Cas12k, TnsB, TnsC and TniQ and guided
by crRNA mediated the integration of cargo genes down-
stream of the PAM (Figure 1A).

We randomly selected 10 different non-essential gene sites
(S1-S10) on the genome of S. oneidensis MR-1 and designed
the corresponding crRNAs (Figure 2A, C, D, and Supple-
mentary Figures S1 and S2, Table S1). The efficiency of
the same cargo gene (chloramphenicol resistance gene) be-
ing integrated into the different target sites was evaluated
through two pairs of primers. Each pair of primers con-
tained a primer located within the transposon donor DNA

and a primer adjacent to the target genomic site. We found
that the integration efficiencies were above 95% in seven
sites and between 50% and 80% in the other three sites (Fig-
ure 2B and Supplementary Figure S1). The lower integra-
tion efficiencies in these three sites might be originated from
the poor activity of lac promoter in S. oneidensis MR-1.
Moreover, integration events occurred, favoring 59 and 63
base pairs (bp) downstream of the target site in a single ori-
entation (Figure 2C, D and Supplementary Figure S2).

We further optimize the pHelper to enable more ef-
ficient expression of the necessary protein-RNA compo-
nents. To promote the expression of gfp in S. oneidensis
MR-1, a panel of constitutive promoters (five endogenous
promoters: P0139, P3285, P2277, P0406, P3988; five ex-
ogenous promoters: Ppcn, Plac, Ptrc, PrpsL, PJ23119) was
used. Flow cytometry analysis reveals that all these con-
stitutive promoters could work but with varied expression
strengths (Figure 3A, B). We then modified lac promoter-
driving protein–RNA expression cassette at different inten-
sities with the three constitutive promoters (Figure 3C, low;
0139; medium; 0406; high: 3988). Higher expression led to
100% integration efficiency at the S4, S6 and S7 sites (Fig-
ure 3D). The elimination of pHelper after gene integration
is essential for the multi-round genome editing. To cure the
plasmids after transposition, an I-SceI recognition site and
the I-SecI Endonuclease (31) expression cassette under the
control of the arabinose-inducible araBAD promoter were
also integrated into the optimized pHelper (Supplemen-
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Figure 2. Gene integration at ten sites on the genome of S. oneidensis MR-1 by the original ShCAST system. (A) Schematic of 10 sites (S1, S2, S3. . . S10)
on the genome. (B) Gene integration efficiencies at different sites. (C) PCR products with two primers pairs probing for the insertion of the cargo gene at
the target site, resolved by agarose gel electrophoresis. (D) Sanger sequencing chromatograms for the upstream and downstream junctions of genomically
integrated transposons from the experiments with crRNA-S1, crRNA-S2 and crRNA-S3. LE and RE elements are highlighted and the duplicated insertion
sites denoted. Data in (B) are shown as mean ± s.d. for n = 3 biologically independent samples.

tary Figure S3a), which enabled the complete elimination of
the pHelper after arabinose induction (Supplementary Fig-
ure S3b). All these results demonstrate that the optimized
ShCAST system can achieve efficient, large-scale gene in-
sertion in S. oneidensis MR-1. This optimized system was
used for the subsequent tests.

Single-step multiplexed or iterative DNA integration into the
same cell using the optimized ShCAST system

Multiple insertions with a high specificity in distinct ge-
nomic regions are highly desired for metabolic engineering
(32,33). However, traditional approaches like integrating of
multiple FLP recombinase target sites beforehand into the
genomes of microbes are cumbersome (34). To resolve this
problem, we firstly evaluated the amenability of the opti-
mized ShCAST system for single-step multiplexed DNA in-
tegration. Two crRNAs were employed to target the S3 and
S7 sites simultaneously, but only a single insertion in S3 site
was obtained.

Insertion-sequence (IS) elements, typically <3 kb in
length, contain transposase-encoding genes for their inde-
pendent transposition (35). A large and diverse population
of IS elements have been identified in the genome of S.
oneidensis MR-1 and are considered to play critical roles
in modulating its genome plasticity (36). Thus, we designed
crRNA targeting IS elements for single-step multiplexed

DNA integration in the genome of S. oneidensis MR-1. The
ISSod10 with four identical copies in S. oneidensis MR-1
was chosen as the IS element. A 2 kb cargo gene (chloram-
phenicol resistance gene) was inserted into four IS repeats
simultaneously at ∼100% efficiency (Figure 4A, B, Supple-
mentary Figure S4). Given the high copy numbers of some
IS elements in S. oneidensis MR-1 (ISSo1 and ISSo4 with
49 and 53 copies, respectively) and other microbes (36), our
results imply a great application potential of the optimized
ShCAST system for single-step multiplexed DNA integra-
tion in various microbes. Briefly, the ShCAST system could
achieve multiple insertions at a high efficiency when the tar-
get sites harbor repeated sequences.

The amenability of the optimized ShCAST system for it-
erative integration events was also evaluated. After isolating
a clonal strain (MR-1/Cm) containing the S3 site-specific
insertion (chloramphenicol resistance gene), we cured the
plasmid and reintroduced the ShCAST system into the
strain MR-1/Cm to generate another insertion (gentam-
icin resistance gene) at S4 site (Figure 4C). The growth
of the resulting strain (named as MR-1/Cm-Gm) in the
Luria–Bertani (LB) medium in the presence of chloram-
phenicol or/and gentamicin was monitored. It exhibited a
slightly lower OD600 than the wild-type and the strain MR-
1/Cm after 24-h cultivation. Chloramphenicol inhibited the
growth of the wild-type but did not affect the MR-1/Cm-
Gm and MR-1/Cm. However, only the strain MR-1/Cm-
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Figure 3. Optimization of ShCAST system. Characterizations of the expression intensities of the (A) five endogenous and (B) exogenous promoters by
using GFP as the reporter gene. Schematics of three pHelper plasmids. (C) Three promoters with varying intensities (low; 0139; medium; 0406; high: 3988)
were selected to drive the expression of tnsB-tnsC-tniQ-Cas12k-tracrRNA cassette. The J23119 promoter was selected to drive the expression of crRNA.
(D) Gene integration efficiencies at sites S4, S6 and S7 with the three ShCAST systems. Data in A, B and D are shown as mean ± s.d. for n = 3 biologically
independent samples.

Gm could grow in the LB medium containing gentamicin
or gentamicin plus chloramphenicol (Figure 4D). These re-
sults confirm that the optimized ShCAST system enabled
the single-step multiplexed and efficient iterative DNA in-
sertions into S. oneidensis MR-1.

Targeted insertion of ultra-long fragments of DNA

The ShCAST system has been used for targeted insertion of
a 10 kb DNA fragment in E. coli (24). In order to show more
intuitively that the optimized ShCAST system can change
bacterial traits by introducing large segments of exogenous
DNA, we inserted the violacein biosynthesis gene cluster
from Chromobacterium violaceum ATCC 12472 into the S3
site of MR-1 (Figure 5C). The obvious color change of the
strain from red to purple, with the patterns of panda and
letters drawn on the plates, suggests that the insertion was
successful (Figure 5A,B).

This system also enabled more efficient integration of
larger fragments of DNA than the previously reported
methods (24). After modification of the pDonor to mobi-
lize payloads of 22.6 or 31.7 kb DNA fragment, we used a
total of seven pairs of primers located inside the cargo gene

or at the junction between the target site and cargo gene for
integration verification (Figure 5D, E). Results show that
the 20 or 30 kb DNA fragment was integrated into the S3
site of S. oneidensis MR-1 at ∼100% efficiency by using the
optimized ShCAST system (Figure 5F).

Broadening the carbon source utilization spectra and enhanc-
ing the extracellular electron transfer ability of S. oneidensis
MR-1

The genus of Shewanella hold a great potential for en-
hanced environmental remediation and bioenergy produc-
tion applications due to their unique extracellular electron
transfer abilities (26,37) but are currently restricted by their
narrow spectrum of feedstocks and limited extracellular
electron transfer (EET) efficiency (38). S. oneidensis MR-
1 could utilize some three-carbon substrates only like lac-
tate and pyruvate for anaerobic respiration, which severely
limits their application niches (28). In break this limita-
tion, we introduced the glucose- and fructose-utilization
pathway into S. oneidensis MR-1 by using the optimized
ShCAST system (Figure 6A). Two key genes encoding glu-
cokinase and 6-phosphofructokinase in glycolytic pathway
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Figure 4. Single-step multiplexed or iterative DNA integration into the same cell using the optimized ShCAST system. (A) Schematic of single-step mul-
tiplexed DNA integration. ISSod10 with four identical copies was found in S. oneidensis MR-1. We designed a crRNA targeting ISSod10 for single-step
integration of chloramphenicol resistance gene into four IS repeats simultaneously. (B) Gene integration efficiencies at four IS repeats. (C) Schematic of
iterative integration of chloramphenicol and gentamicin resistance gene in sites 3 and 4. (D) The growth of S. oneidensis MR-1, MR-1/Cm and MR-
1/Cm-Gm in LB medium in the presence of the different antibiotics. LB: LB medium only; LB + Cm: LB medium containing 10 �g/ml chloramphenicol;
LB + Gm: LB medium containing 15 �g/ml gentamycin; LB + Cm + Gm: LB medium containing 10 �g/ml chloramphenicol and 15 �g/ml gentamycin.
Data in b and d are shown as mean ± s.d. for n = 3 biologically independent samples.

were missing in the genome of S. oneidensis MR-1 (39).
Therefore, the glucokinase (glk; ZMO0369), fructokinase
(frk; ZMO1719) and glucose facilitator (glf; ZMO0366)
genes from Zymomonas mobilis ZM4 under the control of
the pcn promoter were introduced into the pDonor plasmid.
The glucose facilitator could uptake glucose or fructose
into the cytoplasm without requiring energy (40). Then,
glucokinase and fructokinase conversed glucose and fruc-
tose into glucose-6-phosphate and fructose-6-phosphate,
respectively, in the initial process of the glycolytic pathway
(Figure 6A) (41). Previous studies show that, after introduc-
ing a gene cluster (csc) for sucrose metabolism from Pseu-
domonas protegens Pf-5, the Pseudomonas putida gained the
ability to utilize sucrose as the sole carbon source for growth

(40). This cluster consisted of four genes: cscR encoding the
repressor protein, cscY and cscB facilitating sucrose trans-
port across the cell membranes, cscA encoding sucrose hy-
drolase. Sucrose could be converted into glucose and fruc-
tose via sucrose hydrolase CscA (Figure 6A). The cscY-
cscB-cscA cluster was also introduced into the pDonor plas-
mid. Therefore, utilizing the optimized ShCAST system,
we successfully integrated the glf, glk, frk and the cscY-
cscB-cscA cluster into the S3 site of the S. oneidensis MR-
1 genome (Figure 6B). The resulting strain MR-1/sucrose
showed a similar growth rate to the wild-type in the pres-
ence of lactate as the sole carbon source under aerobic con-
ditions (Figure 6C). However, the wild-type could not nat-
urally utilize sucrose, glucose and fructose, while the strain
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Figure 5. Targeted insertion of large fragments of DNA. (A) Schematic of the integration of 11.4 kb (CV 3274-CV 3270 from Chromobacterium violaceum
ATCC 12472, the violacein biosynthesis gene cluster), 22.6 kb (PA 4202-PA 4218 from Pseudomonas aeruginosa PAO1) or 31.7 kb (RS 08140-RS 08270
from Zymomonas mobilis ZM4) DNA fragment into site S3. (B) The patterns of panda and letters drawn on the plates using the strain MR-1 and MR-
1/10.4 kb. PCR products with multiple primers pairs probing for integration of (C) 11.4 kb, (D) 22.6 kb and (E) 31.7 kb into site S3, resolved by agarose
gel electrophoresis. Control: the genome DNA from MR-1 was used as RCR template. (F) Integration efficiencies of 11.4, 22.6 and 31.7 kb DNA fragment
at site S3. Data in (E) are shown as mean ± s.d. for n = 3 biologically independent samples.

MR-1/sucrose grew well with these substrates as the sole
carbon source (Figure 6D).

Starch is the most common carbohydrate in nature and
can be hydrolyzed into glucose by �-amylase of bacteria
(42). To further extend the substrate utilization range of S.
oneidensis MR-1, we introduced the extracellular amylase-
encoding gene (amyE) from Bacillus subtilis strain 168 con-
trolled by the J23119 promoter (Figure 6A) into S. oneiden-
sis MR-1. The optimized ShCAST system was employed
to integrate glf, glk, frk and amyE into the S3 site of the
S. oneidensis MR-1 genome (Figure 6B). The engineered
strain MR-1/Starch showed a similar growth rate to the
wide type when lactate was used as the sole carbon source
under aerobic conditions (Figure 6C). However, when shift-
ing to starch carbon source, the number of MR-1/starch
cells (counted by colony forming units (CFU) method) in-
creased gradually from 2.7 × 106 to 6.1 × 108 CFU/ml af-
ter 48-h cultivation (Figure 6E), while that of MR-1 cells
increased from 1.9 × 106 to only 1.0 × 108 CFU/ml (the

growth was possibly caused by impurities in starch). The
starch utilization by the MR-1/starch was also supported
by the obvious starch degradation halo appeared after inoc-
ulation on 2% starch-containing LB plates and iodine stain-
ing (Figure 6F).

S. oneidensis MR-1 is capable of both direct electron
transport via c-type cytochromes and indirect electron
transfer using flavin as electron shuttles (26). The latter
pathway accounts for about 75% of microbial extracellular
electron flux to electrode (43). Therefore, we further inte-
grated the flavin synthesis gene clusters cloning from lac-
tic acid bacteria into the S7 site of the genome of MR-
1/sucrose or MR-1/starch to enhance their EET ability
(Figure 7A–C). Evaluation of the microbial EET ability
in microbial electrolysis cells (MECs) at a constant an-
odic potential (Figure 7D–G, Supplementary Figure S7)
shows a significantly higher current intensity for the MEC
with the strain MR-1/Sucrose over the wide type when fed
with sucrose, glucose or fructose. Similarly, the strain MR-
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Figure 6. Broadening the carbon source utilization spectra of MR-1. (A) Schematic of the carbohydrate metabolism in S. oneidensis MR-1. The introduction
of cscY-cscB-cscA cluster from (B, top) Pseudomonas protegens Pf-5 enabled MR-1 to grow on sucrose as the sole carbon and energy source. cscY and cscB
facilitated sucrose transport across the cell membranes, while cscA encoded sucrose hydrolase. The introduction of extracellular amylase-encoding gene
(amyE) from (B, bottom) Bacillus subtilis strain 168 enabled MR-1 to grow on starch as the sole carbon and energy source. The glucokinase (glk; ZMO0369),
fructokinase (frk; ZMO1719) and glucose facilitator (glf; ZMO0366) genes from (B) Zymomonas mobilis ZM4 under the control of the pcn promoter were
also introduced into S. oneidensis MR-1. The glucose facilitator could uptake glucose or fructose into the cytoplasm without requiring energy. Glucokinase
and fructokinase converted glucose and fructose into glucose-6-phosphate and fructose-6-phosphate, respectively, in the initial process of the glycolytic
pathway. (C) The growth curves of S. oneidensis MR-1, MR-1/sucrose, and MR-1/starch in mineral salt medium with lactate as the sole carbon source
under aerobic conditions. (D) The growth curves of S. oneidensis MR-1 and MR-1/sucrose in mineral salt medium with sucrose, glucose, or fructose as the
sole carbon source under aerobic conditions. (E) Evaluation of the growth of S. oneidensis MR-1 and MR-1/Starch in mineral salt medium with starch as
the sole carbon source through the CFU method. Inset: the cultures into 96-well plates were stained with iodine solution at 0 and 48 h. Top: MR-1/Starch.
Bottom: MR-1. (F) Observation of starch degradation halo when MR-1/starch and MR-1 were inoculated on 2% starch-containing LB plates after staining
with iodine solution. Data in C, D, E and F are shown as mean ± s.d. for n = 3 biologically independent samples.
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Figure 7. Enhancing the extracellular electron transfer efficiency of S. oneidensis MR-1. (A) Schematic of the extracellular electron transfer pathway in S.
oneidensis MR-1. S. oneidensis MR-1 has two major electron transport mechanisms: the direct electron transport pathway based on c-type cytochromes
and the indirect electron transport pathway based on flavin shuttles. Flavin electron shuttling accounts for about 75% of extracellular electron transfer
to electrode. Therefore, we further integrated the flavin synthesis gene clusters cloning from lactic acid bacteria into the S7 site of the genome of (B)
MR-1/sucrose or MR-1/starch to obtain the engineered strains with stronger extracellular electron transfer ability. (C) Comparison of the fluorescence
intensities of flavins synthesized by S. oneidensis MR-1, MR-1/Sucrose-Rib and MR-1/Starch-Rib in LB medium. Inset: the photos of three cultures
supernatant. Left: MR-1. Center: MR-1/sucrose-Rib. Right: MR-1/starch-Rib. The current densities of the MECs inoculated with S. oneidensis MR-1
and engineered strain when (D) glucose, (E) fructose, (F) sucrose or (G) starch was used as the sole carbon source. HMP: hexose monophosphate pathway.
Data in C, D, E, F and G are shown as mean ± s.d. for n = 3 biologically independent samples.

1/starch could generate a stable and much larger current
in the MECs than the wide type when starch was used as
the sole carbon source. Moreover, the EET capabilities of
the MR-1/sucrose-Rib and MR-1/starch-Rib were further
improved than without flavin overexpression. The corre-
sponding current densities of the MECs were: 3.1 A/m2

for the MR-1/sucrose-Rib versus 1.0 A/m2 for the MR-
1/sucrose when fed with sucrose; 1.8 A/m2 for the MR-
1/starch-Rib versus 0.5 mA/m2 for the MR-1/starch when
fed with starch. Similarly, when glucose or fructose was used
as the sole carbon source, the MR-1/sucrose-Rib group
achieved 3.9 or 5.3 times higher current densities than the
MR-1/sucrose (Figure 7D–G). Similar effects of EET en-
hancement by the overexpression of flavin were also demon-
strated by the other engineered microbes in dual-chamber
microbial fuel cells (MFCs) (Supplementary Figure S5).
Cyclic voltammetry (CV) experiments (Supplementary Fig-
ure S6) and electrochemical impedance spectroscopy (EIS)
analyses (Supplementary Figure S5c, f, i, l) confirm that the
enhanced EET capacities of the strain MR-1/sucrose-Rib

and MR-1/starch-Rib were attributed to the overproduc-
tion of flavins and lowered resistance of the electrochemi-
cal reactions on the electrodes. Together, these results val-
idate that the optimized ShCAST system can be used as a
robust tool to broaden the substrate utilization spectra and
enhance the EET efficiency of S. oneidensis MR-1.

DISCUSSION

The optimized ShCAST system could be used for the inte-
gration of targeted DNA in microbes without need for ho-
mologous recombination and DNA double-strand breaks.
In addition, it shows a higher insertion efficiency in bac-
terial genome than the unoptimized system, and enables
one-step insertion of ultra-long DNA fragments >30 kb at
∼100% efficiency. By applying this system for multiplexed
chromosomal integration, we successfully broadened the
carbon source utilization spectra of S. oneidensis MR-1 to
cover multiple carbohydrates and significantly enhanced its
EET ability.
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Integrases (like ICEBs1), transposases (such as Mariner,
Tn5 and Tn7) and autocatalytic Group II RNA introns have
been used for genomic integration (44–46). However, appli-
cations of these systems remain practically challenging be-
cause they often require prior presence of specific attach-
ment sites in genome and large-scale screens to isolate de-
sired clones, and generally suffer from limited cargo size
(only 3–4 kb) and inconsistent integration efficiencies (from
1% to 80%). These drawbacks can be overcome by the opti-
mized ShCAST system, which combines the programmabil-
ity of CRISPR-mediated targeting with the high-efficiency,
seamless integration ability of CRISPR-associated trans-
posase and the large-cargo capability of pDonor plasmid.
In addition to genomic integration, it may also be harnessed
to generate programmed genomic deletions. This may be
achieved through a combination of site-specific recombi-
nases like Cre-LoxP system (47) or enable synthetic lethality
screening (48) at the genome scale in microbes by generat-
ing libraries of multiplexed guide RNAs. Considering that
transposons often function robustly across a broad range
of hosts (49), this system could also be modified by replac-
ing plasmid skeleton or optimizing the protein sequence
and the related gene regulatory elements, so as to make
the CRISPR-associated transposase systems more adapt-
able for the new host microbes (Supplementary Figure S8).

Nevertheless, this system still has some flaws at the
present stage. First, the maximum allowable length of in-
serted DNA is about 30 kb. We attempted to construct the
pDonor plasmid with a larger cargo size (40 or 50 kb), but
failed due to the formation of a wrong plasmid with genetic
sequence disorder. It seems that the maximum length of mo-
bilize payloads depends on not only the characteristics of
the ShCAST system itself but also the size of the pDonor
plasmid we can build. Another challenge for the ShCAST
system is the difficulty in precise, scarless point mutations or
insertion on the bacterial chromosomes because the trans-
posase machinery needs the transposon end sequences for
specific recognition. However, other applications such as
strain tagging and simple gene knockouts by DNA inser-
tion are not constrained. Third, although the efficiency of
single-step multicopy chromosomal integration using the
ShCAST system is limited, this issue may be addressed by
designing a crRNA to target multicopy loci like IS elements
or combining orthogonal integrases. Finally, the lower fi-
delity of the ShCAST system than the INTEGRATE sys-
tem has demonstrated an off-target activity and also lim-
its its application. Addressing these challenges would re-
quire the adoption of multiple strategies to decrease its
off-target editing without sacrificing on-target editing ef-
ficiency. These may include engineering the Cas12k and
transposase subunits, extending the crRNA length, or using
a hairpin secondary structure onto the spacer region (50).
With further improvement in fidelity, the ShCAST system
may offer an appealing tool for organism- and locus-specific
genetic manipulation within microbial communities.
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